We demonstrate a compact silicon photonic crystal Mach-Zehnder interferometer operating in the self-collimation regime. By tailoring the photonic band structure such as to produce self-collimated beams, it is possible to design beam splitters and mirrors and combine these to a 20 × 20 µm 2 format. With transmission spectroscopy we find a pronounced unidirectional optical output, the output ratio being as high as 25 at the self-collimation wavelength. Furthermore, the self-collimated beams and the unidirectionality are clearly observed in real space using near-field and far-field optical microscopy. Interpretation of the optical data is strongly supported by different types of simulations.
Compact Mach-Zehnder interferometer based on self-collimation of light in a silicon photonic crystal 1. Introduction
Optical waveguides based on silicon-on-insulator (SOI) and fabricated in CMOS compatible technology will likely replace electrical interconnects for high data rate circuits [1] [2] [3] . In this context, a modulator based on a silicon-waveguide Mach-Zehnder interferometer (MZI) is very promising [2] . However, the requirement of producing a π phase shift in one arm of the MZI implies a millimeter scale footprint of the device, which is a serious disadvantage for integration in micro-processors [3] . Therefore, strong efforts are made to miniaturize MZI modulators without compromising the required phase shift, particularly using slow light engineering in photonic crystals (PhCs) [3] [4] [5] . Here, we demonstrate a different concept for a compact MZI built from a PhC operating in the special regime of self-collimation of light. To reach this regime, we have tailored the photonic band structure such as to produce selfcollimated beams. The properties of these beams are such that we can manipulate them to form the arms of the MZI in a very small area of 20 × 20 µm 2 . Our approach holds a promise for a compact MZI modulator. Self-collimation of light in a PhC is a unique phenomenon, characterised by light propagation in particular directions without diffraction [6] [7] [8] . It originates from the possiblity to partly convert, in a specially designed PhC, the circular equi-frequency contours (EFCs) of free space into highly anisotropic EFCs with flat sections. For each point ( k -vector) on such a section the group velocity k v k ω = ∂ ∂ points in the same direction. Therefore, diffractioninduced admixture of k-vectors adjacent to an initial k-vector located on a flat section and defining the initial propagation direction of a beam, will almost not affect the beam width [9] . In other words: classical diffraction as a mechanism of beam spreading is counteracted by the intrinsic properties of the photonic band structure of the PhC. Self-collimation can be made functional in several ways, the most evident one being self-guiding of light [8, 10, 11] , which makes fabricated waveguides superfluous. Although beam splitters and mirrors inside a PhC operating in the self-collimation mode have been realized and studied as separate elements [11] [12] [13] , these photonic building blocks have not yet been combined in an operational PhC MZI.
MZI design in the self-collimation regime
The PhC MZI reported here has been designed for a 220 nm thick device layer of SOI material (SOI material: the Si device layer is on top of a SiO 2 layer, which separates the device layer from the substrate). In particular, we choose hole-type PhC slabs with a square lattice. The reasons are that hole slabs provide stronger vertical mode confinement than the pillar slabs in the MZI simulations by Zhao et al. [14] and that the square lattice, in view of the topology of its EFCs, is the obvious choice for the self-collimation effect and for the MZI geometry. Using CrystalWave, a commercial software package of Photon Design, we calculate the photonic band structure for a = 340 nm and r = 105 nm ( r is hole radius and a is lattice constant). These a and r values yield optimum self-collimation for modes in the ΓM branch of the lowest transverse electric (TE) band that can be excited with an external laser operating at the self-collimation wavelength c Fig. 1(a) ) facing the Γ point. These sections and similar ones in their immediate vicinity (not shown) give rise to the self-collimated beams which are at the basis of the MZI we study. These self-collimation modes are strongly confined inside the silicon slab and thus cannot scatter into the SiO 2 layer, as guaranteed by the fact that their EFCs are far outside the light cone. This can be seen in Fig. 1(a) , where the dashed red circle is the cross section of the light cone for SiO 2 with the equi-frequency plane at c a λ = 0.2267.
In Fig. 1(b) , a self-collimated beam with its constant width can be distinguished clearly from non-collimated beams with their typical diffraction-induced broadening. The beam splitters BS1 and BS2 of the symmetric MZI are each designed as a line defect, viz. a single row of air holes larger ( BS r = 155 nm) than those of the regular PhC. See Fig. 2 for the position of BS1 and BS2 in the overall geometry of the MZI and for the light paths in its two arms. The total internal reflection mirrors M1 and M2 are parallelogram-shaped air regions, three rows of air holes wide and with smooth edges. The components BS1, BS2 and M1, M2 are oriented parallel along the same ΓX direction and centered at the corners of a square with side 20 2 a = 9.6 µm, which results in a compact total size of the PhC MZI of 20 × 20 µm 2 . The details of the beam splitters and mirrors are separately fine-tuned with 3D finite-difference time-domain (FDTD) simulations, to obtain at the self-collimation wavelength a splitting characteristic close to the optimum 50% 50% and a reflection characteristic close to the optimum 100%, respectively. Further details of the MZI include input waveguides IN1, IN2 and output waveguides OUT1, OUT2, each 2.5 µm wide (see Fig.  2 ).
By tracing the light paths in the MZI and taking into account the phase shifts occurring at the beam splitters and mirrors, it follows that the beams recombining at OUT1 are in phase and thus interfere constructively (maximum intensity), while the beams recombining at OUT2 are out of phase and thus interfere destructively (zero intensity). Inset 2 of Fig. 2 clearly demonstrates this unidirectional output behaviour, as obtained from 2D finite-element frequency-domain (FEFD) simulations [15, 16] at the self-collimation wavelength. The unidirectionality is similar as occurring in the symmetric integrated-optics MZI with waveguide couplers [17] and in the classical MZI with symmetric arms [18, 19] . The latter, owing to the sensitivity of the ratio of the output signals to a phase shift introduced in one of the arms, has been widely applied as optical sensing instrument of macroscopic samples. The same sensitivity of the outputs to a phase shift in an arm may be used to make the PhC MZI tunable.
Device fabrication
The main fabrication steps of the MZI are electron-beam lithography and cryogenic inductively coupled plasma (ICP) etching. A 120 nm thick ZEP resist layer is directly spincoated onto the SOI chip. For patterns writing we use a Leica 5000 + electron-beam pattern generator. The complete MZI pattern is written in a single writing step. After resist development, the pattern is transferred to the silicon device layer using ICP etching in a SF 6 /O 2 plasma at a substrate temperature of −120°C. The remaining resist is then stripped in PRS3000 at 75°C for 1 hour. Finally, the sample is cleaved perpendicularly through the waveguides to form waveguide facets. In Fig. 3 we show a scanning electron microscope (SEM) image of a fabricated MZI. We emphasize, on the basis of our experimental observation of the strong sensitivity of the MZI performance to its geometrical details, the importance of accurate dimensional control of the circular air holes and of their homogeneity across the PhC. In view of this we apply a proximity-effect correction in electron-beam writing of the lithographic patterns. Further, the side wall of each type of etched feature should be smooth and vertical. High fabrication demands in particular apply to the beam splitters and the mirrors. Any small deviation from the design of the beam splitters leads to a decay of the optical performance. For instance, a beam splitter would present a wrong phase shift, optical loss, unequal splitting or even mirrorlike operation if its narrow veins (30 nm; see inset of Fig. 3 ) would be unintentionally narrower or removed. However, the high quality measurements data, discussed in the next section, indicate that we meet the above fabrication challenges with our simple, but dedicated fabrication process.
Measurements and interpretation

Transmission measurement
In Fig. 4 we present optical transmission measurements obtained with the end-fire technique [20] . The measurements are driven by a tunable near-infrared laser (Santec TSL-210VF, 1.44-1.63 µm). Waveguide facets are used for in-and out-coupling of light and a spatial filter with a 25 µm diameter pinhole is used to filter out stray light. The transmitted light is measured with an InGaAs photo-detector. Finally, a lock-in technique is used for noise reduction. The signal at OUT1 is peak-shaped and shows a maximum very close to the designed selfcollimation wavelength ( c λ = 1.50 µm), while the signal at OUT2 is on average 15 times lower and even 25 times lower at the self-collimation wavelength. This is the expected unidirectional output behaviour of the MZI and can only be understood in terms of selfcollimated beams in the arms of the MZI. In more detail, the spectrum at OUT1 results from: i) the spectrum of TE-polarized modes injected into the PhC MZI from IN1 (depending on the mode coupling efficiency between the waveguide and the PhC),
ii) spreading of the beams when λ deviates from the self-collimation wavelength c λ (see Fig. 1(b) ; this effect gives signal decrease when λ is tuned away from c λ , since then not all the light is collected), iii) the wavelength dependence of the beam splitter properties (also giving signal decrease when λ is tuned away from c λ ).
The net effect of the above ingredients is observed as a wavelength dependent interference result after BS2, at OUT1 and OUT2. The data plotted in Fig. 4 were smoothed to take out the high-order Fabry-Perot fringes arising from the cavities delimited between the facet of waveguides IN1, OUT1, OUT2 and the waveguide/PhC interfaces [20] and the low-order Fabry-Perot fringes, mainly arising from the shorter cavities delimited between the waveguide/PhC interfaces. These fringes can be suppressed by improving the mode-matching between waveguide and PhC, for example by using rib waveguides instead of ridge waveguides [21] , or by entering the light into the PhC with a free-space beam and using an antireflection coating structure [22] . In future work, we will include mode-matching structures in order to improve the optical performance of the PhC MZI. The inset of Fig. 4 shows the unsmoothed experimental data, with the main characteristics being hidden by the Fabry-Perot fringes. Interpretation of the optical data as arising from self-collimation is supported by 3D FDTD simulations of the spectra at OUT1 and OUT2, in Fig. 4 plotted as continuous curves in the wavelength range 1.2-2.4 µm. In these curves, the low-order Fabry-Perot fringes as present in the raw simulation data have been filtered out, since we concentrate on the unidirectional output behaviour. Measurements and simulations of the spectra agree both for the global shape of the signals and for their magnitude. Outside the experimental wavelength range, on either side, the simulated spectrum for OUT1 continues to decay, due to the same effects causing the decay of the experimental signal. At the long wavelength side the simulated transmission subsequently saturates at a value of about 0.1, approximately equal to the transmission for OUT2. Far away from the self-collimation wavelength, the interference conditions for the beams recombining at BS2 apparently are such that the distinction between the two outputs is lost. At c λ the simulated transmission at OUT2 clearly has its lowest value, just like in the experimental curve. Eventually, with decreasing λ ( λ < c λ ), the transmissions at OUT1 and OUT2 virtually vanish at λ ≈1.3 µm, where the ΓM stop gap of the PhC is entered.
Near-field measurements
Furthermore, the MZI operation in and out of the self-collimation condition (1.51 and 1.62 µm, respectively) has been observed in real space by measuring the evanescent field of the inplane modes (see Fig. 5 ) using a scanning near-field optical microscope (SNOM) system (MultiView 4000 TM ) from Nanonics Imaging Ltd.. Tapered fibers (spot diameter 1.7 ± 0.3 µm) are used for in-and out-coupling of light at the sample's waveguide facets. The evanescent field is scanned with a 500 nm diameter SNOM tip (metal coated). The SNOM image for the on-collimation case was obtained at 1.51µm, the minimum wavelength of the laser source attached to the SNOM set-up. Figure 5(a) shows the near-field intensity of the collimated beams propagating through the MZI and in addition illustrates the unidirectional output behaviour as obviously as the simulation in the inset 2 of Fig. 2 . When the wavelength is tuned away from the self-collimation condition, the unidirectionality is lost as a consequence of the beam spreading and the beam splitters' wavelength dependence (see Fig. 5(b) . With these SNOM images (post-processed using WSxM 4.0 [23] ), we directly prove the unidirectionality of the PhC MZI operating in the self-collimation mode.
Far-field measurement
In the experimental data and simulations the total transmission at the self-collimation wavelength, given by the addition of the signals at OUT1 and OUT2, amounts to only about 0.5-0.6 (see Fig. 4 ) instead of the expected value of unity. To establish whether out-of-plane optical loss is involved here, we imaged the leakage of in-plane modes to extended modes propagating in air using an infrared microscope set-up, both under the exact self-collimation condition ( c λ ) and away from that ( λ = 1.62 µm). The top-view observations of out-of-plane optical loss are made with a Navitar Zoom lens microscope with a 17-mm working distance Nikon 50x objective and a Xenics infrared camera (XEVA, 0.9 -1.7 µm).
Active switching can be achieved by introducing a sufficient phase shift locally at the beam splitter BS2, for instance, inserting high refractive index dielectric rods into the air holes [24] . In this way, PhC MZI modulators can have a very small footprint because, unlike in conventional waveguide based modulators, sufficient phase shifts can be achieved without the need of long interferometer arms. NEMS can be operated up to the GHz range [25] and have been combined already with PhCs to obtain tunability of their transmission [26] . The PhC MZI presented here is also promising for micromechanical sensing and lab-on-a-chip applications because the phase shifts, induced either locally at a beam splitter or along an interferometer arm, can be monitored as a change of differential output.
In conclusion, we have combined a silicon photonic crystal operating in the selfcollimation mode of infrared light with integrated beam splitters and mirrors, to realize a compact monolithic Mach-Zehnder interferometer (MZI). The resulting MZI has high structural quality and as a result shows a pronounced unidirectionality, as measured with inplane transmission spectroscopy. Further, the self-collimated beams in the PhC and the unidirectionality have been clearly observed with spatial measurements of the near and far field of the MZI, while simulations have been used to support interpretation of the data. Our results call for development of tuning the MZI output.
